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We present a detailed description of the design, construction, and performance of high-power ultrafast Yb:fiber
laser frequency combs in operation in our laboratory. We discuss two such laser systems: an 87 MHz, 9 W, 85 fs
laser operating at 1060 nm and an 87 MHz, 80 W, 155fs laser operating at 1035 nm. Both are constructed using
low-cost, commercially available components, and can be assembled using only basic tools for cleaving and
splicing single-mode fibers. We describe practical methods for achieving and characterizing low-noise single-
pulse operation and long-term stability from Yb:fiber oscillators based on nonlinear polarization evolution.
Stabilization of the combs using a variety of transducers, including a new method for tuning the carrier-
envelope offset frequency, is discussed. High average power is achieved through chirped-pulse amplification
in simple fiber amplifiers based on double-clad photonic crystal fibers. We describe the use of these combs
in several applications, including ultrasensitive femtosecond time-resolved spectroscopy and cavity-enhanced
high-order harmonic generation.
I. INTRODUCTION
Originally intended for the precise measurement of op-
tical frequencies, femtosecond optical frequency combs
have since found many other applications outside of
their original purpose.1,2 They are now used for the cal-
ibration of astronomical spectrographs,3 laser ranging,4
high-order harmonic generation,5 attosecond physics,6,7
and direct frequency comb spectroscopy,8,9 among other
things. In our lab, for example, we have recently demon-
strated a large improvement in the sensitivity of ultrafast
optical spectroscopy using frequency comb methods.10
Most frequency comb lasers operate in the near infrared,
based on Ti:sapphire, Er:fiber, or Yb-based gain media,
but most spectroscopic applications of frequency combs
lie in other regions of the electromagnetic spectrum. It is
then desirable to shift the comb to other spectral regions
using nonlinear optical techniques,11–14 but doing this
with high efficiency requires high peak powers. Thus for
a frequency comb with a useful repetition rate and comb
spacing, high average power is needed.
Ytterbium-based systems then stand out as providing
an excellent platform for average power scaling due to
the very small quantum defect of Yb and the capability
of high doping in both glasses and crystals.15–17 Since
the first Yb-based femtosecond lasers,18,19 progress in
this field has moved at a rapid pace using fibers, thin
disks, and slabs. Yb:fibers are particularly attractive
for average power scaling, due to the large surface area
to volume ratio of fibers, large gain bandwidth,15 and
the availability of double-clad fibers for use with low-
brightness (and thus low-cost) pump diodes. Indeed,
kW scale femtosecond lasers have been reported using
high-power Yb:fiber amplifier systems,20,21 and amplified
Yb-combs have demonstrated high phase coherence.22
a)Electronic mail: thomas.allison@stonybrook.edu
Yb:fiber has sufficient gain bandwidth to support sub-
200 fs pulses through linear chirped pulse amplification
(CPA), in which the total nonlinear phase shift accumu-
lated in the amplifier chain is kept less than 1 radian.23
Recently, shorter pulses have been generated at high
average power through nonlinear amplification,24,25 in
which nonlinear propagation in the gain fibers is har-
nessed for generating additional spectral components.
With narrow linewidth and controllable combs,22,26–28
the simultaneous combination of high peak and average
power can be obtained through enhancement in passive
optical cavities.26,29–31
The literature regarding this development has been
confined to conference proceedings and specialty optics
journals, and it requires quite a bit of know-how to go
from this literature to a working femtosecond fiber laser.
Indeed, most femtosecond lasers used in laboratory re-
search are still based on Ti:sapphire, and there is a much
larger community that is familiar with the operation of
Ti:sapphire lasers than fiber-based systems. One can
build a fiber laser for a fraction of the cost of an equiv-
alent Ti:sapphire system,32 and it is much simpler, but
there is a learning curve to climb: What pump diodes
do I use? Is that cheap current controller quiet enough?
How do you mount the fibers? How fast does the pump
diode need to turn off to save the fiber amplifier if the
seed is lost? These are the types of questions we encoun-
tered when starting to build fiber lasers in 2013 - and
they can be fiendishly difficult to find in the literature.
In this article we present a detailed account of the
design, construction, and operation of two high-power
Yb:fiber laser frequency combs that we built in our labo-
ratory over the past three years. The literature regarding
Yb:fiber lasers is vast, and we are not attempting here
to provide a comprehensive review. Rather, we hope to
provide a practical guide to those not already intimately
familiar with the details of fiber lasers. A block-diagram
outlining both lasers is shown in figure 1. The lasers we
describe in this article are made from all commercial com-
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FIG. 1. Overview of the laser systems. Chirped
pulse amplification using a fiber-based stretcher and simple
PCF amplifiers provides minimal complexity. More detailed
schematics are shown in figures 2, 6, and 8 and component
lists and mechanical drawings are provided in the supplemen-
tal material.
ponents, most of which are stock items at major distrib-
utors, and can be assembled with only basic fiber tools.
For example, a fiber splicer capable of splicing standard
single-mode fibers is sufficient and you do not need more
expensive models capable of handling polarization main-
taining fibers or photonic crystal fibers (PCF), which cost
many times more.
In section II, we describe the construction of Yb:fiber
oscillators passively mode locked using nonlinear polar-
ization evolution (NPE) and run near zero net cavity
group delay dispersion (GDD) for the lowest noise and
narrowest comb-tooth linewidth.28 The physics and many
implementations of these oscillators has been discussed
extensively in the literature (for a review see reference
33), but NPE mode locking has a reputation for being
finicky, and this literature is not necessarily helpful when
standing over the laser and trying to make it work. We
instead focus on practical procedures for achieving and
characterizing mode-locked single-pulse operation, low
noise, and long-term stability. We also discuss stabiliza-
tion of the comb, including a new method for actuat-
ing on the comb’s carrier-envelope offset frequency us-
ing the intracavity grating separation. In section III A,
we describe a simple scheme for amplifying the comb to
9 W of average power and 85fs pulse duration at 1060
nm using CPA in a one-stage PCF amplifier. In section
III B, we describe CPA to 80 W using a PCF rod am-
plifier. Both amplifiers use fiber-based pulse stretching
with anomalous third order dispersion fibers,27,34 which
require careful initial design, but then dramatically sim-
plify the mechanical design of the laser system. In section
IV, we describe several applications of these lasers. De-
tailed lists of all components appear in the supplemental
material.
II. YB:FIBER OSCILLATORS
The large nonlinear phase shifts accumulated when an
ultrashort pulse propagates for a distance in the con-
fined space of an optical fiber can give rise to many
phenomena.35–38 Inside a laser cavity, this high nonlin-
earity can allow for mode-locked operation over a very
wide range of parameters. Unlike Ti:sapphire oscillators,
in which a few standard designs that emerged in the
1990’s39,40 are found in most ultrafast laser labs, there
are many fiber oscillator designs working at repetition
rates from 100 kHZ41 to 10 GHz,42 and the literature
presents a large and daunting landscape to navigate. We
attempt a brief summary here with the goal of putting
our lasers in context.
Mode-locked fiber lasers can be broadly classified by
their net cavity GDD and the saturable loss mechanism
by which they are mode locked.16,43 With large anoma-
lous GDD, soliton-like pulse shaping produces nearly
chirp-free pulses, but with limited power.16,44 Lasers
working with large normal GDD, even with all normal
dispersion elements,43 can support wave-breaking free
pulses of very large energy. For example, Baumgartl
et al.45 have even demonstrated 66 W of average power
and µJ pulses directly from an oscillator without subse-
quent amplification. However, for the quietest operation,
with both the lowest phase and amplitude noise most
suitable for comb applications, it is desirable to oper-
ate the laser near net zero cavity GDD.22,28,46–48 Unlike
Er-doped fiber lasers operating at 1.5 µm, where it is
easy to make fibers with normal or anomalous disper-
sion, silica fibers predominantly have normal dispersion
in the 1.0-1.1 µm range amplified by Yb, so that dis-
persion compensation is usually done with a free-space
dispersive delay line28,49,50 or fiber Bragg gratings.22,48
Fiber Bragg gratings can allow for all-fiber designs, but
require very careful design before assembly, as the dis-
persion is not adjustable. Oscillators with a free-space
dispersive delay line allow tuning to find zero dispersion.
As we show in section II C, with transmission gratings,
fine-tuning of the grating separation in such a delay line
using piezo-electric actuators can also be used to control
the comb’s carrier-envelope offset frequency.
For mode locking, NPE in fiber37,38,51 provides a fast
artificial saturable absorber52 that does not require any
special components, but is sensitive to temperature or hu-
midity changes. On the other hand, lasers based on real
saturable absorbers, such as semiconductor saturable ab-
sorber mirrors (SESAM), can be made very environmen-
tally stable, but typically have larger phase and ampli-
tude noise.53,5455 In our lasers, we use NPE mode locking,
and have observed free-running comb-tooth linewidths
less than 30 kHz and residual intensity noise less than -
130 dBc/Hz for frequencies above 10 kHz (see figure 10).
We have also observed reasonable long-term stability in
a laboratory setting (more details below).
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FIG. 2. NPE ring oscillator design. I = Faraday isolator,
WDM = wavelength division multiplexer, QWP = quarter-
wave plate, HWP = half-wave plate, PBS = polarizing beam
splitter, SM = single-mode, EOM = electro-optic modulator,
G = grating, RP = roof reflecting prism, M = mirror. Inset:
Typical mode-locked spectra for oscillator A (red) centered at
1060 nm and oscillator B (blue) centered at 1035 nm, both
operating near zero net GDD.
A. Oscillator Construction
The basic layout for both Yb:fiber oscillators is shown
in figure 2. The fiber section provides gain and nonlinear-
ity while the components in the free space section com-
pensate the dispersion of the fiber, manipulate the po-
larization, and actuate on the pulse’s round-trip group
delay and carrier-envelope offset phase. The main dif-
ferences between the two lasers are that (1) the design
wavelengths of the components are different to accommo-
date the different center wavelengths. Oscillator A is de-
signed to operate at 1060 nm and oscillator B is designed
to operate at 1035 nm. (2) Oscillator B operates with
much lower residual third-order dispersion (TOD) due
to a shorter electro-optic modulator (EOM) and larger
pitch diffraction gratings (B = 600 groove/mm vs. A =
1000 groove/mm). Complete lists of all the components
can be found in the supplemental material, but here we
briefly highlight some important aspects.
The pump laser is a fiber Bragg grating stabilized diode
laser operating at 976 nm (Oclaro LC96L76P-20R). Ba-
sic current and temperature controllers from Thorlabs
(LDC210C and TED200C) are used to drive the pump
laser. The noise specifications of this diode current con-
troller are sufficient to obtain low-noise operation be-
cause the effect of high-frequency pump power fluctua-
tions is suppressed by the low-frequency roll-off of the
pump-modulation transfer function observed for these
Yb:fiber oscillators, shown in figure 3a). Although the
pump laser’s fiber is polarization maintaining (PM), we
simply splice this onto non-PM fiber for injection into the
oscillator cavity with a fused wavelength division multi-
plexer (WDM). In addition to the WDM, a polarization
insensitive isolator (I1) is used to isolate the pump laser
from the oscillator light.
The fiber assembly is terminated on each end with
anti-reflection (AR) coated angled FC/APC connectors
which are then plugged into a fiber coupler lens assem-
bly (Thorlabs PAF-X-5-C). These AR coated fiber tips
are obtained simply by splicing the ends of AR coated
patch cables (Thorlabs P4-980AR-2) to the ends of the
gain fiber and WDM fiber pigtail. The use of connector-
ized fiber tips enables replacing the fiber assembly with
minimal realignment and also allows for the rough align-
ment of the cavity using another fiber coupled laser, if
desired. Single-mode Yb-doped gain fiber can be pur-
chased from a variety of companies (Nufern, Thorlabs,
Cor-active, ...) with a variety of Yb doping concentra-
tions. We have used either YB1200-4/125 or YB1200-
6/125DC from Thorlabs with similar results. The fiber
assembly is spliced together with a basic optical fiber fu-
sion splicer. In our lab, we use a refurbished Ericsson
FSU 995FA.
The specifics of the fiber lengths are important for a
few reasons, and can be found in the supplemental ma-
terial. The first is that mode locking depends upon the
amount of nonlinearity in the fiber56 and the more fiber
there is, particularly following the gain fiber, the easier
it is to mode lock. Second, if the AR coated fiber tips
become damaged, this is usually due to the gain fiber be-
ing too long, and is not remedied simply by reducing the
pump power. However, the overall length of the assem-
bly and the relative lengths of the different sections does
not have be controlled with high precision. By chang-
ing the fiber assembly, we have operated oscillators with
repetition rates from 70 MHz to 97 MHz with the same
free-space section and obtained similar performance.
In the free-space section, zeroth-order waveplates are
used for polarization control and tuning of the laser,
a Faraday isolator ensures uni-directional operation, an
EOM enables fast actuation on the effective cavity
length, and a pair of transmission gratings is used for
dispersion compensation. A polarization beam splitter
cube (PBS) is used as an output coupler, reflecting verti-
cally polarized light out of the cavity. The first diffraction
grating (G1) is mounted on a manual translation stage for
finding zero dispersion, and a piezo-electric transducer
(PZT) for fine-tuning the comb’s carrier-envelope offset
frequency. A right angle prism with an AR coated hy-
potenuse (Thorlabs PS908H-C) serves as the retroreflec-
tor in the dispersive delay line, changing the beam height
by 5 mm and allowing the beam which initially crossed
above to be reflected by D-shaped mirror (M1). In sec-
tion II C, we describe the PZT and EOM actuators more
carefully using fixed-point analysis.53,57
For suppression of acoustic noise and mechanical vi-
bration, both oscillators are enclosed in aluminum sheet
metal boxes sided with “egg-crate” style sound damping
foam and built on honeycomb optical breadboards that
are supported on the optical table with a 5/8” thick piece
of sorbothane rubber. Light is coupled from the oscilla-
tor to the amplifier chain via the single-mode fiber pigtail
of the stretcher fiber module.
4B. Alignment, mode locking, and long-term stability
Since the stress-induced birefringence of the coiled
fiber assembly is unknown, finding the correct positions
of the waveplates for NPE mode locking is a some-
what random process. If one simply randomly rotates
the three waveplates, this amounts to searching a three-
dimensional space. We have instead developed a reli-
able procedure for finding mode locking that simplifies
the search considerably. First, the oscillator is aligned
with the goal of minimizing the pump power necessary
for lasing, minimizing the CW lasing threshold, which
includes optimizing beam alignment and iterative rota-
tion of polarizers. The pump power is then increased to
around 200 mW, well above the minimum pump power
that can maintain mode locking, which is about 100 mW.
The quarter-wave plate just before the input fiber cou-
pler (QWP2) is rapidly rotated a few degrees back and
forth. If mode locking is not achieved, the half-wave plate
(HWP) should be stepped a few degrees and then the
QWP2 rotation repeated. This process should be re-
peated until mode locking is achieved, usually within a
few iterations. Once the first quarter-wave plate (QWP1)
is set for lowest CW lasing threshold, it is generally not
necessary to rotate it to find mode locking.
A major problem with NPE Yb:fiber oscillators is that
they are prone to multi-pulsing,58 or the production of
more than one pulse circulating in the cavity. The sepa-
ration between pulses can occur on many different time
scales, and thus one needs a range of instruments to
detect it. Unlike a Ti:sapphire oscillator, we have fre-
quently observed multi-pulsing to occur with the par-
ticularly troublesome separation of 1-500 ps: too short
to measure with a typical oscilloscope, but too long to
observe easily as interference fringes in the optical spec-
trum. To be able to detect multi-pulsing at all separa-
tions, we employ a combination of three instruments: (1)
a low resolution USB optical spectrometer for small pulse
separations <3 ps, (2) a simple scanning autocorrelator
using a GaAsP two-photon photodiode59 for the 1-50 ps
range, and (3) a fast photodiode (Electro Optics Technol-
ogy Inc. ET-3010) and sampling oscilloscope (Tektronix
11801C with an SD-26 sampling head, 20 GHz equivalent
bandwidth) for longer timescales. A collinear, interfero-
metric autocorrelator is preferred so that one can align
it well enough to have confidence in the alignment for
longer stage travels, and a two-photon photodiode sim-
plifies the nonlinear signal detection. When multi-pulsing
occurs, the first step is to make sure there is nothing ter-
ribly wrong with the oscillator. Specifically, check the
CW lasing threshold and make sure it is low (typically
less than 50 mW). Turn the waveplates, starting with
either the HWP or QWP2, until it stops multi-pulsing.
Once stable mode locking is found, one can search for
the lowest noise. The grating spacing for net zero GDD
can in principle be calculated using the material parame-
ters for the fibers and other optical elements in the cavity,
and this is a good place to start, but it is generally nec-
essary to fine tune this spacing once mode locked. The
GDD can be measured using the technique of Knox,60
changing the center wavelength either by inserting a knife
edge into the dispersed beam or rotating QWP2 slightly
(or both). While tuning the grating separation, we mon-
itor oscillator performance using two metrics that can
be evaluated quickly: (1) The oscillator relative inten-
sity noise (RIN), measured on a low noise, high band-
width photodiode, and (2) the free-running heterodyne
beat between the oscillator and a narrow linewidth (<1
kHz) CW Nd:YAG laser (Innolight Mephisto). Cingo¨z et
al.61 showed that the phase noise and the RIN are cor-
related, and as reported by Nugent-Glandorf et al.28 the
laser comb-tooth linewidth depends strongly on the net
cavity GDD. Indeed, we have observed optical linewidths
ranging between 2 MHz and less than 30 kHz this way,
depending on the grating separation.
An important question is: with what precision do I
have to find zero GDD? Previously, some authors have
emphasized the importance of being slightly normal.16,22
In our lab, we have observed very similar performance
on either side of zero dispersion, within approximately
±2000 fs2 in both oscillators, in agreement with refer-
ences 28 and 62. We have also found that being near
zero dispersion is a necessary, but not sufficient, condi-
tion to obtaining low-noise performance, and the noise
can also depend on the details of NPE and the waveplate
angles.
Once satisfactory mode-locked performance is found,
we leave the oscillator on indefinitely, and have enjoyed
stable hands-free operation for many months at a time
in a laboratory setting with reasonable temperature and
humidity control (±1 ◦C, 20-60% relative humidity). The
parts of the laser that in principle have finite lifetimes,
the pump diode and the gain fiber, are inexpensive. We
have not observed significant degradation of the pump
diode performance over three years of nearly continu-
ous operation. However, we have observed that the gain
fibers can fail after about one year of continuous oper-
ation. The main symptom of this is that the laser just
won’t mode lock. Lasing thresholds and output powers
are similar, but stable mode-locked operation is not re-
attained until the gain fiber is replaced, or a new fiber
assembly with a fresh gain fiber is installed in the oscil-
lator.
C. Comb Stabilization
The key element defining an optical frequency comb is
that its comb teeth are evenly spaced to an extraordi-
nary precision.63,64 This occurs naturally in mode-locked
lasers and can also occur in other comb-generating sys-
tems such as microresonantors65 and broad-band electro-
opticially modulated light fields.66 Once even spacing is
established, the comb has two degrees of freedom that
determine the frequencies of the comb teeth. Usually
this is expressed in terms of the electronically countable
5repetition rate frep and carrier-envelope offset frequency
f0 via the familiar comb formula
νn = nfrep + f0 (1)
where n is an integer and the νn are the optical frequen-
cies. Indeed, for self-referenced combs this may be the
most sensible parameterization, as it is frep and f0 that
are actively controlled. However, for optically referenced
combs, combs coupled to cavities, or when discussing the
effects of actuators or noise sources, the discussion is of-
ten simplified by using a fixed point analysis,53,57,67 writ-
ing the comb’s optical frequencies as
νn = (n− n∗)frep + νn∗ (2)
where n∗ is an integer representing a fixed point of the
frequency comb that does not change due to a particular
perturbation such as noise or intentional actuation on the
laser. In the fixed point picture, one considers the comb
teeth simply expanding and contracting around the fixed
point via changes in frep. The larger the frequency dif-
ference is between the fixed point and a particular comb
tooth, the more the frequency of that comb tooth changes
due to the perturbation.
Since the frequency comb has two degrees of freedom,
one needs two feedback loops and two actuators to sta-
bilize the comb. Ideally, these two feedback loops would
have zero cross-talk. For example, if one directly stabi-
lizes frep and f0, ideally one actuator would actuate only
on frep and the other only on f0. In practice, this goal is
almost never reached exactly, which is acceptable as long
as one feedback loop can be significantly slower than the
other, such that the faster loop can adiabatically track
and correct for the cross-talk from the competing loop.
For coupling a frequency comb to an optical cavity, or
locking the frequency comb to another optical reference,
it is desirable to have one fast actuator with its fixed
point far from the optical frequency and another actu-
ator with fixed point near the optical frequency. This
allows the fast actuator to have large travel at optical
frequencies that are being stabilized, and the second ac-
tuator to simply cause the comb to breath around this
locked point.
A commonly used combination of actuators to accom-
plish this is a fast intracavity EOM68–74 for cavity length
changes, with fixed point near DC (n∗ ∼ 0), and the
pump laser power for changing the intracavity pulse’s
round trip phase shift, with fixed point near the optical
carrier frequency.53,57,75 While fast bandwidth can be ob-
tained via actuating on the pump current in some laser
designs,61 the bandwidth attainable with this actuator
depends on the details of the laser and population inver-
sion dynamics.76 In the current ring cavity design with
lower loss and smaller gain than the laser in reference 61,
and thus lower relaxation oscillation frequency, we have
observed the bandwidth of pump power modulation to
be quite limited, as shown in figure 3a). To record this
data, we modulate the pump diode current sinusoidally
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FIG. 3. Transducer transfer functions. a) Pump am-
plitude to laser amplitude modulation transfer function. b)
Voltage to phase modulation transfer functions for the intra-
cavity EOMs in oscillators A and B.
and record the amplitude modulation on the comb light
with a photodiode and a spectrum analyzer. The pump
current to pump power transfer function (not shown) was
independently verified to be flat out past 1 MHz modu-
lation frequencies with this setup, confirming that the
roll-off is due to transfer function of the Yb laser.
In our lasers we use bulk EOMs for fast (multi-MHz
bandwidth) actuation with a fixed point near DC, and
instead of the pump power we use µm-scale piezo-electric
adjustments of the grating spacing, which we show below
has a fixed point near the optical frequency.
For the EOM, we use simple bulk-crystal EOMs. Pre-
vious authors73 have used short (few mm) EOM crys-
tals due to concern over higher order dispersion. How-
ever, short crystals require multi-kV voltages to produce
substantial phase shifts, and this is challenging to pro-
vide with high bandwidth. We have found that the re-
markable tolerance of Yb:fiber oscillators to uncompen-
sated higher-order dispersion77 enables the use of longer
crystals with correspondingly lower voltage requirements.
Oscillator A uses a commercial phase modulator (Thor-
labs EO-PM-NR-C2) with a 40 mm MgO doped Lithium
Niobate crystal and a Vpi of 250 V, and oscillator B
uses a home-built EOM with a 4 mm LiTaO3 crystal
(United Crystals) compressed between brass and acrylic
fixtures78 and a Vpi of approximately 3 kV. As shown
in figure 3b), both EOMs allow phase modulation with
multi-MHz bandwidth without piezo-elastic resonances
that have limited previous efforts.73 To record this data,
we drive the EOM with a sinusoidal voltage and record
the amplitude of phase-modulation side bands on the het-
erodyne beat with the CW Nd:YAG laser, taking care of
the fact that the intracavity EOM modulates the laser’s
frequency but the sidebands on the beat report on the
6phase modulation depth.
In both lasers we supply a 2 MHz sinusoidal voltage to
the EOM to put frequency modulation (FM) sidebands
on the comb that enable Pound-Drever-Hall (PDH) lock-
ing of the combs to passive optical cavities.30,79,80 We
measured the residual amplitude modulation (RAM) on
the output light of the oscillator to be less than -90 dBc
when driving the EOMs with a 20 V (peak to peak) sine
wave (more than what is typically required for PDH lock-
ing). The EOM alignment can be fine-tuned in situ by
minimizing this RAM.
For actuation on the grating spacing, the first grat-
ing is glued to a ring PZT (Noliac NAC2125) using Loc-
tite Hysol 1C-LV epoxy (also sold under the trade name
Torr-seal), and this allows > 10 kHz of bandwidth be-
fore encountering mechanical resonances. Shifting the
carrier-envelope offset phase of a pulse by actuation on
the grating separation of a pulse compressor has been
employed for carrier-envelope offset phase stabilization in
amplified Ti:sapphire lasers (after the amplifier chain),81
but to our knowledge this is first report of doing this in-
side a laser cavity. Here we derive the resulting frequency
shifts for a transmission grating geometry and show that
for transmission gratings operated in Littrow condition,
the fixed point is at the optical carrier frequency νoptical,
such that the change in f0 is approximately νoptical/frep
larger than the change in frep.
For the parallel grating pulse compressor illustrated in
figure 4, the total phase shift for one pass through the
grating pair is given by:82
φg(ω) =
ω
c
p(ω)− 2pi
d
G tan(β) (3)
where ω = 2piν is the angular frequency, φg(ω) is the
spectral phase, p(ω) is the frequency dependent opti-
cal path length through the compressor, β is the an-
gle of diffraction determined from the grating equation,
sin(α)+sin(β) = λ/d, with α the angle of incidence mea-
sured from normal, d is the grating pitch, λ is the wave-
length, and G is the distance between the gratings mea-
sured perpendicular to the grating surfaces. The second
term in equation (3) accounts for the 2pi phase shift en-
countered by the light for each grating groove traversed
and must be included to obtain correct results.82 Careful
inspection of the angle-dependent path length shows that
dφg
dG
=
ω
c
(
1
cos(β)
− cos(α+ β)
cos(β)
)
− 2pi
d
tan(β) (4)
Now one is tempted to locate the fixed point, ω∗, by set-
ting equation (4) equal to zero and solving for ω, but this
is not generally correct because mode locking demands
that the comb teeth remain evenly spaced, and thus the
differential phase shift between comb tooth n + 1 and
n must be the same as the differential phase shift be-
tween comb tooth n+2 and comb tooth n+1. Enforcing
this fact that the comb has only two degrees of freedom
amounts to linearizing the spectral phase using the phase
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FIG. 4. Transmission grating geometry. Illustration of
the notation for the intracavity grating compressor. The grat-
ing spacing is adjusted slightly (∆G) using a PZT to control
the comb’s carrier-envelope offset frequency. The arrow indi-
cates the direction of positive ∆G.
shifts obtained near the optical carrier frequency, viz.
dφcomb
dG
=
dφg
dG
∣∣∣∣
ω0
+
dτ
dG
∣∣∣∣
ω0
(ω − ω0) (5)
where τ = dφg/dω is the frequency dependent group de-
lay, which is evaluated at the optical carrier frequency ω0
in equation (5). The fixed point is then given by
ω∗ = ω0 −
(
dφg
dG
∣∣∣∣
ω0
)(
dτ
dG
∣∣∣∣
ω0
)−1
(6)
At the Littrow condition, α = β(ω0) = sin
−1(pic/ω0d),
one can show that the phase shift due to changing the
grating separation, dφg/dG, is identically zero and the
fixed point is thus at the optical carrier frequency. For
the more realistic scenario that the gratings end up
slightly off-Littrow, one can use equations (2), (4), and
(6) along with the relation dfrep/dG = −f2rep dτ/dG|ω0
in order to determine the changes in comb tooth frequen-
cies. One can also derive relations for the changes in frep
and f0. For two passes through the grating pair, under
Littrow conditions, the result is:
dfrep
dG
= − 4pif
2
rep
ωod
tan(α). (7)
df0
dG
= −n∗ dfrep
dG
=
2frep
d
tan(α). (8)
We have experimentally verified this analysis by
recording changes in the comb repetition frequency and
an optical comb tooth near 1064 nm with oscillator A
when voltage is applied to the grating PZT. The data
are shown in figure 5. The repetition rate changes are
measured using a photodiode and a frequency counter.
The changes in the optical frequency are measured by
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FIG. 5. Grating acutation. a) 1064 nm beat frequency
change with grating separation. b) Repetition rate change
with grating separation. The data indicate that the fixed
point is near the optical frequency.
recording the beat frequency of an unstabilized hetero-
dyne beat between the comb and the CW Nd:YAG laser.
Linear fits to the data give slopes of
dνbeat
dV = 0.14 MHz/V
and
dfrep
dV = 0.39 Hz/V. The number of comb teeth be-
tween 1064 nm and the fixed point can then be simply
calculated from the ratio ∆νbeat/∆frep = 3.3 × 105. So
the fixed point lies only approximately 30 THz away from
the optical carrier frequency of 283 THz. This is consis-
tent with the above equations and α deviating from the
Littrow angle by approximately 4 degrees, which is real-
istic given our ability to initially set the grating angle in
the laser and the α dependence of the grating’s diffrac-
tion efficiency.
The grating can also be used to make a shift purely in
f0, if the grating is moved parallel to its surface, similar to
the motion of a sound wave in an acousto-optic frequency
shifter. Here the phase shift is simply 2pi per grating
pitch moved,83 and the fixed point is at ν = ∞. Using
both parallel and perpendicular motions, in principle one
could completely control the comb with only µm-scale
motions of the grating alone, as the two motions have
different fixed points.
III. CHIRPED-PULSE AMPLIFICATION IN LARGE
MODE AREA PHOTONIC CRYSTAL FIBERS
Amplification of continuous wave lasers to high average
power in Yb:fiber is straightforward, but amplification
of femtosecond pulses presents additional complications.
The long length of fiber presents a large amount of dis-
persion even for large mode area (LMA) fibers, and it is
much more difficult to avoid accumulated nonlinear phase
shifts than in bulk solid-state lasers. Designers of ultra-
fast fiber lasers usually take one of two approaches: em-
brace nonlinearity24,25,35,36,84 or use stretchers and com-
pressors with very large GDD to avoid it.20,27,85–87 For
comb applications, linear amplification, in which the B-
integral, or accumulated nonlinear phase shift through-
out the amplifier chain, is less than one, is generally
preferred because then the amplified comb’s coherence
properties are determined mainly by the oscillator. In
nonlinear amplification, amplitude noise from the high-
power pump diodes in the amplifier chain could write
phase noise on the amplified comb,16,88 although we are
aware of some recent efforts using high-power nonlinear
fiber amplification for comb applications.89,90
In our lasers, we have used linear CPA, but have strived
to maintain modest stretcher/compressor dispersion by
(1) seeding the amplifiers with very broad spectra and (2)
maximizing the mode area of the seed light throughout
the amplifier chain, even if this means seeding amplifiers
below saturation. For simplicity and low-cost, we make
use of fiber stretchers based on anomalous third-order
dispersion depressed cladding fibers (OFS) and grating
compressors based on inexpensive polymer transmission
gratings (Wasatch Photonics). While we do not quite
reach transform limited pulses on either laser system, the
benefits of the simplicity of this scheme have outweighed
the slightly reduced performance.
A. 9 W amplifier at 1060 nm
A schematic of the 9 W CPA scheme is shown in figure
6. The light from oscillator A is coupled into a stretcher
fiber module custom made by OFS Specialty Photonics
Division with FC/APC connectorized SMF-980 fiber pig-
tails. Between the stretcher and the following Faraday
isolator (I1), about half the seed power is lost. After the
dichroic mirror (D1), which is used to isolate the pump
light and seed (or signal) light, 15-20 mW is launched into
the 5 m amplifier fiber. The amplifier fiber is a doped,
LMA (760 µm2) PCF terminated with sealed ends and
copper SMA 905 connectors, purchased from NKT Pho-
tonics (aerogain Flex 5.0). This fiber is end pumped with
a 30 W, 915 nm pump diode (nLight Element). After the
second dichroic mirror (D2), the beam is expanded to 4.2
mm (1/e2 diameter), sent through another Faraday isola-
tor, and compressed using a pair of polymer transmission
gratings (Wasatch Photonics) and a roof reflector (M3).
Below, we discuss these features in more detail and the
design decision processes behind them.
The coiled amplifier fiber is supported on a circu-
lar aluminum plate. The pump end, where the optical
power is the highest, is mounted in a water-cooled cop-
per clamshell assembly. Detailed drawings of the copper
clamshell can be found in the supplemental material (fig-
ure S3). The seed end of the amplifier fiber is screwed
into an SMA connector (Thorlabs HFB001) mounted on
a flexure stage (Thorlabs MicroBlock MBT616D). The
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FIG. 6. 9 W amplifier layout. Pulses from oscillator A are
stretched and amplified in a 5 m flexible PCF amplifier up to 9
W average power without pre-amplification. Component lists
can be found in the supplemental material. PC = polarization
controller. D = dichroic mirror. L = lens. PD = photodiode.
RM = roof reflecting mirror. LPF = low pass filter. Vref =
reference voltage.
heavy copper mode-stripper assembly of the fiber is fur-
ther supported by shims placed on the flexure stage. The
output of the stretcher fiber and pump diode fiber are
mounted on flexure stages in similar fashion. For de-
livering the pump light, the pump diode fiber pigtail is
spliced onto the end of an AR coated multimode patch ca-
ble (Thorlabs M105L02S-B). The pump light is launched
counter-propagating to the amplified seed light to reduce
the accumulated nonlinear phase shift (B-integral) in the
amplifier fiber. Despite not being “all-fiber”, we have ob-
served consistent performance from this mechanical setup
without alignment for more than 2 years of operation.
The saturation power for the LMA PCF amplifier is
more than 200 mW, and many previously reported am-
plifier systems using these PCF amplifiers have employed
a fiber pre-amplifier with smaller mode area between the
oscillator and the PCF amplifier27,86,87,89,90 in order to
seed the power amplifier at saturation. Since we are
seeding the amplifier well below the saturation power, a
threshold-like behavior is observed in the amplified power
vs. pump power curves shown in figure 7a), reducing the
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FIG. 7. Flexible PCF amplifier performance. a) Black:
Output power of the 5 m, 1060 nm PCF amplifier, before and
after the compressor vs. 915 nm diode pump power. Blue:
output power of the 2.5 m, 1035 nm PCF amplifier. b) Laser
spectra measured from the oscillator and compressor output.
c) Raw FROG trace (inset) and retrieved pulse shape of the
compressed pulses compared to the transform limit calculated
from the spectrum in b).
efficiency of the amplifier. While this one-stage amplifi-
cation scheme is less efficient, it is much simpler due to
(1) the lack of all the pre-amplifier components and (2)
the pulses do not have to be stretched as much to avoid
nonlinearity, since all the high power propagation is done
in LMA fiber. A smaller stretching/compression ratio al-
9lows for looser tolerances on matching the higher-order
dispersion of the stretcher and compressor. The 5 Watts
of pump power wasted before the amplifier reaches satu-
ration are not really of consequence, due to the low cost
of high-power pump diodes.
Two concerns with underseeding the amplifier are (1)
noise due to amplified spontaneous emission (ASE),38
and (2) catastrophic damage to the amplifier fiber due to
self-lasing and Q-switching. Regarding (1), despite the
expectation of increased ASE, the measured RIN spec-
trum of the amplified light (see pre-amplifier curve in
figure 10) indicates that the main source of noise on the
amplified light is due to the pump diode RIN, not ASE.
Regarding (2), while we do not know what the lowest nec-
essary seed power is to avoid catastrophic damage, we can
say that we have run these PCF amplifiers (both at 1035
nm and 1060 nm) for many hours with seed powers as low
as 10 mW without observing damage. We continuously
monitor the seed light with a fast (100 MHz bandwidth)
photodiode (PD) and a simple interlock circuit, shown in
figure 6, which immediately shuts off the pump diode in
the event that the RF power from the photodiode drops
below a set threshold, indicating reduced power or loss
of mode locking. Pump diode drivers from VueMetrix
Inc. shut off in less than 50 microseconds upon receiv-
ing an electronic signal, much shorter than the energy
storage time in Yb of approximately 1 ms.15 A similar
interlock system is used for the amplifiers of the 80 W
laser discussed in section III B.
Another feature of this amplifier system to note is the
operating wavelengths. The amplified light is at 1060
nm and the pump light is at 915 nm, whereas most ul-
trafast Yb amplifiers are pumped at 975 nm and amplify
light at 1030-1040 nm, where the absorption and emis-
sion cross sections are largest.15 We use 915 nm for the
pump wavelength because the absorption feature at 975
nm is narrow, requiring tight control over the pump diode
wavelength for efficient pumping. While the absorption
cross section at 915 nm is three times lower, the absorp-
tion maximum there is also much broader, which loosens
the requirements for controlling the pump diode wave-
length, and thus temperature, considerably. With the
long 5 m PCF, more than 90% of the pump light is still
absorbed. For the amplified wavelength, we operate this
9 W laser at 1060 nm, far to the red of the Yb emission
maximum, because one can amplify with considerably
less gain narrowing, and this has also been employed in
a few other linear CPA designs.22,27 Figure 7 shows the
Component GDD (ps2) TOD (fs3) notes
Stretcher 1.65 -7.9×106
Amplifier 0.095 2.06×105 FS, Ltot=5 m
Isolators 0.011 6.6×103 TGG, Ltot=8 cm
Compressor -1.76 7.63×107
TABLE I. Dispersion budget for the 1060 nm laser. FS =
fused silica. TGG = Terbium Gallium Garnet.
output spectrum of the amplified laser with more than
30 nm of bandwidth.
A dispersion budget for the CPA system following
oscillator A is shown in table I. The oscillator pulses
are stretched to approximately 100 ps duration in the
fiber stretcher module and compressed to <100 fs af-
ter amplification using a Treacy-style compressor with
1250 groove/mm transmission gratings (Wasatch Pho-
tonics). We measure an overall compressor efficiency of
77%, corresponding to a diffraction efficiency of (77%)1/4
= 94%. Figure 7c) shows a second harmonic genera-
tion (SHG) frequency resolved optical gating (FROG)
trace taken with the laser at full power using a com-
mercial FROG system (Mesa Photonics FROGscan Ul-
tra). While a free-space Offner-type stretcher91,92 would
allow for more tunability than the fiber stretcher mod-
ule, and perhaps better compensation of higher order
dispersion,93 it would also add substantial mechanical
complexity and cost. The fiber stretcher module is align-
ment free, and we have observed nearly transform-limited
performance in both CPA systems using these for these
stretcher modules.
B. 80 W Amplifier at 1035 nm
Figure 8 shows a higher power laser capable of 80 W
average power via two-stage amplification. The PCF
pre-amplifier is similar to the system described in sec-
tion III A, except that a shorter 2.5 m fiber is used due
to the larger gain and absorption of Yb at 1035 nm.
For the second stage, a 0.8 m long Yb-doped PCF rod
(NKT Photonics, aeroGAIN-ROD-PM85-POWER) with
a 3,400 µm2 mode field area, end pumped by a 200
W pump diode module (LIMO, LIMO200-F200-DL980-
S1886) is used for the rod amplifier. When seeding the
rod with 6.4 W, 96 W emerges with excellent beam qual-
ity when pumping the rod with 200 W of pump power.
The large mode field diameter of the rod allows the laser
to maintain linear amplification to µJ pulse energies us-
ing only a modest stretcher dispersion of 5.3 ps2, or
stretched pulse durations of only approximately 300 ps.
The available rod fibers are shorter than flexible PCF,
necessitating pumping at 975 nm and amplification in
the more conventional 1030-1040 nm region to achieve
efficient gain. With the amplified center wavelength at
1035 nm, we observe significant gain narrowing94,95 in
the amplifier chain, as shown in figure 9b). However,
we are still able to compress the rod amplifier output to
very clean 155 fs pulses, as shown in figure 9c). Pumping
at 975 nm requires tighter control over the pump diode
wavelength, increasing the cost of the pump diode. In
our system we do not actively control the temperature,
and this is the reason for the nonlinear amplified power
vs. pump power curves of figure 9 - the pump laser wave-
length is changing as the power is increased (see figure
S2 in the supplemental material).
The rod fiber is supported along its length by a water-
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FIG. 8. 80 W amplifier layout. Chirped pulses are amplified first in a 2.5 m flexible photonic crystal fiber and then in a 0.8
m rod fiber. Component lists can be found in the supplemental material.
cooled aluminum V-groove, held loosely by only two
pieces of kapton tape. The end caps, the parts that
are critical for alignment, are rigidly located in V-shaped
jaws mounted on the optical table separate from the V-
groove. The high pump power of the rod amplifier can
bring complications. When pumped with 200 W, more
than 40 W of pump light comes out from the seed end of
rod fiber with NA=0.5, which could heat the mount of
the lens L5 or the mirror mount for D2, causing a dan-
gerous drift in the seed light alignment. We dump the
pump light safely using two water-cooled black-anodized
aluminum beam dumps, the annular BD2 to protect the
lens mount and BD1 to collect the pump light transmit-
ted through the dichroic mirror (D2). Mechanical draw-
ings for BD2 can be found in the supplemental material.
Another problem with high average power is thermal
lensing and distortions of the beam quality. As shown in
figure 9, an excellent, nearly Gaussian, spatial profile is
observed in the amplified light from the rod amplifier at
both low and high power. However, even at low power,
Component GDD (ps2) TOD (fs3) notes
Stretcher 5.27 -2.16×107
Amplifier 0.063 1.36×105 FS, Ltot=3.3 m
Isolators 0.017 9.9×103 TGG, Ltot=12 cm
Compressor -5.32 2.15×107
TABLE II. Dispersion budget for the 1035 nm laser. FS
stands for fused silica. TGG = Terbium Gallium Garnet.
we observe distortions of the beam after four diffractions
from the inexpensive polymer gratings. At higher power,
despite the large expanded beam size of 5.8 mm 1/e2
diameter after the telescope (L8 and L9), thermal lensing
is observed, and the output mode measured 1.8 m after
the compressor, is significantly smaller. Inspection of
the beam at various points indicates that the thermal
lensing occurs either in this telescope or the Terbium
Gallium Garnet crystal of the optical isolator. However,
despite the obvious thermal lensing, we can still obtain
nearly constant coupling efficiency to the TEM00 mode
of an external femtosecond enhancement cavity (fsEC)
for the full power range of the laser by simply changing
the lens spacing in a mode-matching telescope between
the compressor and the fsEC. One of the authors (T.
K. Allison) has observed similar behavior for the laser
described in reference 27.
The dispersion budget for the 80 W comb is shown in
table II and the raw FROG trace and retrieved pulse
shape are shown in figure 9c). The compressor has
an overall efficiency of 86%, corresponding to a grating
diffraction efficiency of (0.86)1/4 = 96%. Clean 155 fs
pulses are observed at both high and low power. The
absence of pulse distortion at high power indicates that
linear amplification has been achieved.
Figure 10 shows the RIN measured in various parts of
the laser system. The pump diode RIN spectra are nearly
flat out to frequencies of 1 MHz at -100 dBc/Hz for the
30 W pump diode and -85 dBc/Hz for the 200 W pump
diode. The 200 W pump diode is driven by a 1500 W
11
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FIG. 9. Rod amplifier performance. a) Output power of
the Yb:fiber rod amplifier, pumped by a counterpropagating
975 nm pump diode. The beam mode at lower power and full
power is shown for both the output of the rod fiber and the
compressor. b) Laser spectra measured from the oscillator
and amplifier output. c) Raw FROG trace at 80 W (inset)
and retrieved pulse shapes of the compressed pulses compared
to the transform limit calculated from the spectrum in b) for
both low and high power operation.
power supply from TDK Lambda (GEN 20-76). For the
both the pre-amplifier and the rod amplifier, the storage
time of the Yb:fiber gain medium provides a low-pass fil-
ter to the pump diode RIN. Figure 10 also shows the RIN
spectrum for the intracavity light of a fsEC operating
with 11 kW of intracavity power. The cavity is locked to
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FIG. 10. Intensity noise. RIN spectra at various places
throughout the 80 W laser system. The RIN spectrum of the
9 W laser is similar to the blue curve.
the comb using the PDH method79,80 and a PZT on one
of the fsEC mirrors. A servo bump is observed at ∼30
kHz due to the finite bandwidth of the PZT lock, but
for lower frequencies an intracavity RIN level is obtained
nearly equal to the RIN of the comb. Lower RIN for a
high-power Yb:fiber laser has been obtained recently by
Wunram et al.,87 however the dominant noise source was
not identified in this work.
IV. APPLICATIONS
In our laboratory, the primary application of these fre-
quency combs involves coupling them to passive optical
cavities30,96 for either performing spectroscopy10 or gen-
erating high-order harmonics.97 Here we give examples
using these lasers in both applications.
A. Ultrasensitive femtosecond optical spectroscopy
Ultrafast optical spectroscopy methods, such as tran-
sient absorption spectroscopy and 2D spectroscopy, are
widely used across many disciplines. However, these
techniques are typically restricted to optically thick
samples, such as solids and liquid solutions, since the
sensitivity of femtosecond-time resolved optical spec-
troscopy has lagged far behind that of linear spectroscopy
methods.98–100
Recently we have demonstrated the cavity-
enhancement of femtosecond time-resolved mea-
surements using the 9 W comb described here, enabling
ultrafast optical spectroscopy in dilute molecular
beams.10 Complete details of the optical setup are given
in reference 10 but here we give a brief summary. Light
from the 9 W comb is frequency doubled and sent to two
4-mirror ring cavities whose foci intersect in a supersonic
expansion of I2 seeded in a noble carrier gas. A two
point locking scheme is used to stabilize the laser to the
probe cavity. The center of the comb is tightly locked
to the probe fsEC using the PDH method30,79,80 and
the long EOM in oscillator A. A bias tee is used to
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FIG. 11. Ultrasensitive transient absorption spec-
troscopy. The comb from the 1060 nm laser is frequency
doubled and coupled to two femtosecond enhancement cavi-
ties for performing ultrafast spectroscopy, as in ref. 10. Shown
are pump-probe traces in a supersonic expansion of molecular
iodine and Argon gas, 6 mm above a 200 µm wide slit noz-
zle. As the Argon pressure is increased, Argon atoms cluster
around the I2 molecules, quenching the excited state vibra-
tional wavepacket. Curves are offset for clarity.
provide both PDH FM sidebands and a high voltage
feedback signal to the EOM. Using a wideband high
voltage amplifier (Thorlabs inc. HVA200), we achieve
approximately 100 kHz bandwidth in this feedback
loop. A second, slower, PDH feedback loop monitors
a separate part of the optical spectrum and moves the
intracavity grating separation to maintain resonance for
the rest of the comb.
In reference 10 we reported measurements taken in a
helium-seeded supersonic expansion using a 700 µm di-
ameter round nozzle, where there is no clustering be-
tween the He and the I2 molecules. If the expansion is
instead seeded with Argon under the right conditions,
the effects of clustering can be observed as the backing
pressure is increased. Figure 11 shows transient absorp-
tion data taken for I2 in an Argon-seeded expansion, 6
mm away from a 5 mm long × 200 µm wide slit noz-
zle at three different stagnation pressures. The nozzle is
3D printed in PEEK plastic (Arevo Labs Inc.) for com-
patibility with I2. As the backing pressure is increased
from 260 Torr to 460 Torr (absolute), the effects of clus-
tering are clearly seen as the coherent transient peak at
time zero increases and subsequent oscillations are sup-
pressed as the I2 molecules collide with the caging Argon
atoms.101
Wavelength [nm]
40 50 60 70 80
XU
V 
Fl
ux
 [p
ho
to
ns
/s]
#1010
0
2
4
6
8
10
12
17	  
15	  
13	  
19	  
21	  
23	  
25	  
FIG. 12. Cavity-enhanced high-harmonic generation.
Spectrum of harmonics generated from Krypton gas via
cavity-enhanced HHG at 87 MHz repetition rate. Photon
fluxes correspond to values measured at the exit slit of a time-
preserving monochromator, corresponding to the flux directly
deliverable to experiments.
B. Cavity-enhanced high-order harmonic generation and
extreme-UV frequency combs.
High-power ultrafast lasers are now routinely used to
drive high harmonic generation (HHG), providing ex-
treme ultraviolet (XUV) ultrashort pulses with a table-
top setup, and also attosecond pulses.102,103 This is a
highly nonlinear process, during which electrons are ion-
ized by a strong laser field and then recombine with
their parent ions, generating coherent light at high pho-
ton energies. Conventionally, HHG is realized by fo-
cusing high energy (> 100 µJ) laser pulses to intensi-
ties of more than 1013 W/cm2 intensity in a noble gas.
The repetition rate is then limited by the average laser
power available, usually to less than 100 kHz, but many
applications such as XUV frequency metrology,12 sur-
face photoemission,104 and photoionization coincidence
methods105 demand higher repetition rates.
An elegant way to achieve this is via resonant en-
hancement of the fundamental pulse train in a fsEC.29,30
Although generating high harmonics in these cavities
was originally demonstrated as early as 2005,106,107 since
then through the use of higher power driving lasers
and understanding of the intracavity extreme-nonlinear
optics108–111 the power from cavity-enhanced HHG sys-
tems has increased by more than 6 orders of magnitude,
to more the 100 µW/harmonic (at the gas jet) for 20 eV
harmonics generated in Xenon.12,108,110,112,113
In our lab, we have built a cavity-enhanced HHG sys-
tem for the purpose of performing time-resolved surface
photoemission experiments at high repetition rate. The
1035 nm comb described in this paper is coupled to a 6
mirror femtosecond enhancement cavity with a 1% input
13
coupler and roughly 15 µm focus size. Krypton gas is
injected at the focus using a small glass capillary backed
with 760 Torr pressure and harmonics are coupled out of
the cavity using a 250 µm thick sapphire plate at Brew-
ster’s angle for the fundamental. The harmonics are then
passed through a home-built time-preserving monochro-
mator similar to that described by Frasetto et al.114
Figure 12 shows the spectrum of harmonics after the
monochromator exit slit measured using an Al-coated sil-
icon photodiode (Opto Diode AXUV100Al) as the grat-
ing angle is rocked. For calculating the y-axis, the man-
ufacturer’s quantum efficiency specifications were used
without additional calibration. More than 1011 pho-
tons per second emerge from the monochromator in the
19th harmonic at 23 eV, or approximately 1400 pho-
tons/pulse. The low pulse energy and high repetition
rate make this source an ideal system for time-resolved
photoelectron spectroscopy or time-resolved photoelec-
tron microscopy experiments which are limited by space
charge effects.115,116
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Supplementary information for high-power ultrafast Yb:fiber laser frequency combs
using commercially available components and basic fiber tools
X. L. Li, M. A. R. Reber, C. Corder, Y. Chen, P. Zhao, and T. K. Allison
Stony Brook University, Stony Brook, NY 11794-3400 USA
S1. INFORMATION OF PARTS
The tables in this section list the detailed information for the parts used in our laser system (oscillators and amplifiers).
Part Description Oscillator A Oscillator B
M1 D-shaped mirror PFD10-03-P01
M2 Protected silver mirror PF10-03-P01
RP Roof reflecting prism PS908H-C
HWP Zeroth-order half-wave plate WPH05M-1053 WPH05M-1030
QWP1 & Zeroth-order quarter-wave plate WPQ05M-1053 WPQ05M-1030
QWP2
PBS Polarizing beam splitter PBS123 PBS103
G1 & Grating Lightsmyth Wasatch Photonics
G2 1000 groove/mm 600 groove/mm
EOM Electro-optical modulator EO-PM-NR-C2 United Crystals, LiTaO3, Y-cut
AR-coated on 2 ends, 4 mm cube
WDM Wavelength-division multiplexing WD202G WD202F
Yb:Fiber YB1200-6/125DC, 26 cm YB1200-4/125, 20 cm
SM fiber Single mode fiber P4-980AR-2 & WDM pigtails P4-980AR-2 & WDM pigtails
OFS980, totally 164 cm OFS980, totally 170 cm
976 nm Pump Laser Oclaro Technology Limited LC96L76P-20R
Fiber port collimator PAF-X-5-C PAF-X-5-B
I1 Isolator IO-3D-1053-VLP IO-3D-1030-VLP
I2 Isolator Isolator, DPM Photonics HPII-98-C2-P-22-LL-1
TABLE III. List of parts in the oscillators (figure 2 in the paper). Part numbers are from Thorlabs unless otherwise indicated.
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Part Name Details
Stretcher OFS Fitel Denmark ApS, GDD=1.65 fs2,TOD=-7.9×106 fs3
PC Polarization Controller, PLC-900
L1 Lens, A110-TM-B, f = 6.24 mm
L2 Lens, LA1289-B, f = 30 mm
L3 Lens, AL4532-B, f = 32 mm
L4 Lens, AL3026-B, f = 26 mm
L5 Lens, LC4210-C, f =-25 mm
L6 Lens, LA4725-C, f = 75 mm
D1 Layertec 103675 short wave pass filter
D2 Layertec 108834 long wave pass filter
I1 Isolator, IO-3D-1053-VLP
I2 & I3 Isolator, EOT 1200462
HWP Zeroth-order half-wave plate, WPH10M-1053
M1 Altechna low GDD HR broadband mirror
M2 BBSQ1-E03 square broadband mirror
5 m PCF NKT Photonics DC-200/40-PZ-Yb Aerogain flex 5.0, MFD = 31 µm
915 nm pump laser nLight Photonics, element-E3-1040677, maximum output 30 W
915 nm laser driver Vuemetrix, Vue-MV12-0112V-10A
G1 & G2 1250 groove/mm, Wasatch Photonics custom diffraction gratings
RM Two mirrors, Altechna low GDD HR broad band mirror, size: 3′′ × 1′′
PD Photodiode, PDA10CD
TABLE IV. List of parts in the 9 W optical amplifier (figure 6 in the paper). Part numbers are from Thorlabs unless otherwise
indicated. GDD = group delay dispersion. TOD = third-order dispersion. f = focal length. MFD = mode-field diameter.
19
Part Name Details
Stretcher OFS Fitel Denmark ApS, GDD=5.27 fs2,TOD=-2.16×107 fs3
PC Polarization Controller, PLC-900
L1 Lens, A110TM-B, f = 6.24 mm
L2 Lens, LA1289-B, f = 30 mm
L3 Lens, AL4532-B, f = 32 mm
L4 Lens, AL3026-B, f = 26 mm
L5 Lens, LA1134-B, f = 60 mm
L6 Lens, AL4532-B, f = 32 mm
L7 Lens, AL5040-B, f = 40 mm
L8 Lens, LC4252-B, f =-30 mm
L9 Lens, LA4874-B, f = 150 mm
D1 Layertec 108834 long wave pass filter
D2 Layertec 103675 short wave pass filter
D3 Layertec 109842 short wave pass filter
I1 Isolator, IO-3D-1030-VLP
I2 & I3 Isolator, EOT 1200462
HWP Zeroth-order half-wave plate, WPH10M-1030
M1 Altechna low GDD HR broadband mirror
M2 BB1-E03 broadband mirror
M3 BBSQ1-E03 square broadband mirror
2.5 m PCF NKT Photonics DC-200/40-PZ-Yb Aerogain flex 2.5, MFD = 31 µm
915 nm pump laser nLight Photonics, element-E3-1040677, maximum output 30 W
915 nm laser driver Vuemetrix, Vue-MV12-0112V-10A
0.8 m PCF Rod NKT Photonics aeroGAIN-ROD-PM85, MFD = 65 µm
975 nm pump laser LIMO GmbH, LIMO200-F200-DL980-S1886, maximum output 200 W
975 nm laser driver Lambda Inc, Genesys 1U Series 1500W Power Supply GEN 20-76
BD1 & BD2 Beam dump
G1 & G2 1250 groove/mm, Wasatch Photonics custom diffraction gratings
RM Two mirrors, Altechna low GDD HR broadband mirror, size: 3′′ × 1′′
PD Photodiode, PDA10CF
TABLE V. List of parts in the 80 W optical amplifier (figure 8 in the paper.) Part numbers are from Thorlabs unless otherwise
indicated.
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S2. BEAM DUMP
Water	  Port	  0.25’’	  NPT	  
Input	  
Seed	  	  
Laser	  
Output	  Pump	  Laser	  
0.8	  m	  PCF	  Rod	  
Lens	  
Lens	  Mount	   SM1	  Thread	  
1’’	  
6	  cm	  
1’’	  0.25’’	  
Figure S1. Detailed description of BD2 from figure 8 in the paper.
Figure S1 shows how the beam dump (BD2 in the 80 W laser system) works to protect the lens mount from exposure to
the high power pump light. Due to the large numerical aperture (NA=0.5) of the inner cladding of the 0.8 m photonic-crystal
fiber (PCF) rod, the powerful pump laser coming out of the fiber has a very big divergence angle and will heat the mount of
the lens if the water-cooled beam dump is absent. The beam dump blocks most of the pump light but allows the seed light to
go through.
S3. WAVELENGTH OF PUMP LASER IN THE 80 W AMPLIFIER
Figure S2. The output wavelength of 975 nm pump laser at different cooling water temperatures and and different power.
In the 80 W amplifier, as shown in figure S2, the output wavelength of the 975 nm pump diode changes with the operation
temperature and power in the range of 967 nm to 977 nm, causing an increasing amplification efficiency while turning up the
pump power (figure 9a) in the paper). The temperature shown is just for the cooling water flowing into the pump diode. The
pump diode temperature is not controlled.
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SM905	  Fiber	  Termina0on	  0.4’’	  OD	  	  
On	  Aerogain	  Fiber	  
Water	  Port	  0.25’’	  NPT	  
Fiber	  
2’’	  
1.5’’	  
3.75’’	  
Groove,	  
0.4’’	  ID	  
Figure S3. The cooling solution for the pump end of the coiled NKT LMA double-clad PCF.
S4. MECHANICAL DESIGN OF AMPLIFIERS
Figure S3 shows the pump end of the coiled large mode area (LMA) double-clad PCF (5 m in the 9 W laser and 2.5 m in
the 80 W laser). The pump power and the seed power are both low at the seed end, so we only cool the pump end of the fiber
(25 W pump laser and 12 W seed laser is guided in the pump end). The pump end, together with copper SMA905 termination
(NKT Photonics) is placed in a water-cooled copper clamshell. The termination is wrapped in a piece of indium foil to increase
the thermal conduction with the copper clamshell.
Water	  Port,	  0.25’’	  NPT	  
0.8	  m	  PCF	  Rod,	  1	  mm	  OD	  
Pipe,	  1’’	  OD,	  0.5’’	  ID	  
1’’	  Post	  
1	  mm	  
90	  degree	  
V-­‐groove:	  
Figure S4. Cross section of the cooling solution for NKT 0.8 m PCF rod.
Figure S4 shows the cooling solution for the NKT 0.8 m PCF rod. The rod fiber, whose diameter is 1 mm, is placed in the
V-groove of 1 inch aluminum pipe, held loosely by only two pieces of kapton tape, and water flows between the water ports.
The ends of the pipe (0.5 inch inner diameter) are plugged with NPT fittings.
As seen in figure S5, the end cap of the rod fiber has a dimension of 6 mm (OD) ×5 mm (length). So it can not be placed
in the V-groove of the aluminum pipe. A separation V-jaw supports the end cap, as shown in figure 5S.
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1’’	  
0.75’’	  
0.25’’	  
PCF	  Rod,	  1	  mm	  OD	  
Fiber	  End	  Cap	  6	  mm	  OD	  	  
Pipe	  1’’	  OD	  
5	  mm	  
4.2	  mm	  
90	  degree	  
V-­‐groove:	  
Figure S5. The design of the support for the end cap of the 0.8 m NKT PCF rod.
